Pyrimidine-repressible carbamyl phosphate synthetase P was synthesized in parallel with aspartate transcarbamylase during growth of Bacillus subtilis on glucose-nutrient broth. Both enzymes were inactivated at the end of exponential growth, but at different rates and by different mechanisms. Unlike the inactivation of aspartate transcarbamylase, the inactivation of carbamyl phosphate synthetase P was not interrupted by deprivation for oxygen or in a tricarboxylic acid cycle mutant. The arginine-repressible isozyme carbamyl phosphate synthetase A was synthesized in parallel with ornithine transcarbamylase during the stationary phase under these growth conditions. Again, both enzymes were subsequently inactivated, but at different rates and by apparently different mechanisms. The inactivation of carbamyl phosphate synthetase A was not affected in a proteasedeficient mutant, but the inactivation of ornithine transcarbamylase was greatly slowed.
slowed.
In a previous paper (7) we reported that Bacillus subtilis produces two distinct carbamyl phosphate synthetases. The two isozymes differ in a number of physical, kinetic, and regulatory properties and are encoded by separate genetic loci (7) . Each isozyme is functionally associated with a corresponding transcarbamylase, i.e., aspartate transcarbamylase with carbamyl phosphate synthetase P and ornithine transcarbamylase with carbamyl phosphate synthetase A. Previous studies on the development of these transcarbamylases during growth and sporulation of B. subtilis have raised interesting questions concerning the development of their corresponding carbamyl phosphate synthetases.
Aspartate transcarbamylase has been shown to be rapidly inactivated in B. subtilis cells at the end of exponential growth on glucose-nutrient broth (2, 12) . This inactivation results from an energy-dependent degradation of the enzyme (4) . In the absence of aspartate transcarbamylase, the pyrimidine biosynthetic pathway can no longer function, and the need for carbamyl phosphate synthetase P is removed. We wished to learn whether carbamyl phosphate synthetase P is also inactivated under these conditions and, if so, how its inactivation is related to the inactivation of aspartate transcarbamylase.
Deutscher and Kornberg (2) reported that ornithine transcarbamylase first appeared late in the stationary phase in B. subtilis cells grown on glucose-nutrient broth. The enzyme then disappeared during sporulation and was absent from mature spores. Setlow and Primus (9) showed that ornithine transcarbamylase activity did not return to germinating Bacillus megaterium spores until a period of protein synthesis had occurred. These observations indicated that this transcarbamylase is also inactivated during sporulation, but at a different time than aspartate transcarbamylase. We wished to learn whether carbamyl phosphate synthetase A displays a similar developmental pattern.
The results of this investigation show that the two carbamyl phosphate synthetases of B. subtilis follow developmental patterns that resemble those already seen in their associated transcarbamylases. The details of the inactivation processes appear to be different in each case, however.
MATERIALS AND METHODS
Bacterial strains. The standard strain used in this study was B. subtilis LC168 (Trp-) received from L. Leon Campbell. The protease-deficient strain S87 and its parent strain JH168 (Trp-) were provided by J. H.
Hageman (3) . Strain HSlA11 (aconitase deficient) was provided by R. S. Hanson (1). The uracil-sensitive strain JH861 (trpC2 urs; carbamyl phosphate synthetase A deficient) was provided by J. A. Hoch (7) .
Media and culture methods. The medium used in all experiments was supplemented nutrient broth containing 0.1% glucose (2, 12) . Care was taken to maintain high levels of aeration. Culture volume-toflask capacity was routinely 1 to 4. Growth was monitored with a Klett-Summerson colorimeter, using a no. 66 filter. At 100 Klett units the cell density was approximately 2 x 108 cells per ml, and the amount of trichloroacetic acid-precipitable protein was approximately 0.15 mg/ml. For experiments investigating the changes in activity of carbamyl phosphate synthetase A and ornithine transcarbamylase, 50,tg of uracil per ml was added to the culture to repress carbamyl phosphate synthetase P and aspartate transcarbamylase synthesis.
Preparation of cell extracts. A modification of the procedure developed by Maurizi and Switzer (5) , which is designed to minimize proteolysis in vitro, was employed for the harvesting of cells. Cells were routinely harvested by centrifugation at 4°C for 10 min at 16,000 x g. The pellet was washed with 25 mM potassium phosphate (pH 7.6) containing 1 M KCl, 2 mM MgCl2, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride. The cells were centrifuged again and washed with 25 mM potassium N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.7)-0.1 M KCl-10% glycerol. At this point the cells were either used immediately or stored at -70°C after freezing in liquid nitrogen.
The pelleted cells were suspended at a ratio of 10 ml of original culture to 1 ml of 25 mM potassium HEPES (pH 7.7)-100 mM KCI-10% glycerol-10 mg of bovine serum albumin per ml. The addition of bovine serum albumin was found to stabilize carbamyl phosphate synthetase activity. Sonic disruption was performed as previously described (7), except the total time of sonication varied with the point in growth at which the sample was taken. The extent of cell breakage at each point was monitored by the appearance of the extract and by examination with a phase-contrast microscope.
Before assay for carbamyl phosphate synthetase P activity, extracts were dialyzed for 3 to 4 h against two changes of 100 volumes of 25 mM potassium HEPES-100 mM KCl-1 mM reduced glutathione-10% glycerol. The final pH was 7.7 at 40C.
Carbamyl phosphate synthetase assay. Carbamyl phosphate synthetase activity was assayed by the enzymatic coupling method previously described (7) .
The standard reaction mixture contained 50 mM potassium HEPES (pH 7.6), 36 mM MgCl2, 24 mM potassium ATP, 10 mM glutamine, 10 mM [14C]-KHCO3 (100 to 400 cpm/nmol), 1 mM reduced glutathione, 50 mM potassium L-aspartate, 1 IU of aspartate transcarbamylase activity (containing no carbamyl phosphate synthetase activity), and extract (approximately 0.1 to 0.2 mg of cell protein) in a final volume of 0.5 ml. The amount of product formed was quantitated as previously described (7) .
When carbamyl phosphate synthetase P was to be assayed, the potassium ion concentration was adjusted to approximately 200 to 250 mM by including 50 mM KCI in the reaction mixture. This was done to optimize carbamyl phosphate synthetase P activity (7) . (Carbamyl phosphate synthetase A has a lower optimal concentration of K+; therefore, the 50 mM KCI was omitted for assay of this enzyme.)
When both isozymes were present, carbamyl phosphate synthetase P activity was calculated from the difference between the carbamyl phosphate synthetase activity assayed in the absence of UMP (5 mM) J. BACTERIOL.
and the carbamyl phosphate synthetase activity assayed in the presence of UMP (7). Aspartate transcarbamylase assay. Aspartate transcarbamylase was assayed using the colorimetric procedure described previously (12 Studies with an aconitase-deficient mutant of B. subtilis (13) were employed previously to demonstrate a requirement for metabolic energy in the inactivation of aspartate transcarbamylase (12) . In contrast to those results, carbamyl phosphate synthetase was inactivated at normal rates in this mutant whether gluconate was added or not. Further support for the view that there is no energy or oxygen (11) requirement for carbamyl phosphate synthetase P inactivation came from the finding that the inactivation was normal when the culture was deprived of molecular oxygen.
Properties of the inactivation of carbamyl phosphate synthetase A and ornithine transcarbamylase. Ornithine transcarbamylase activity was completely stable in crude extracts at 37°C for at least 1 h, whereas carbamyl phosphate synthetase A activity declined with a half-life of 30 min. Carbamyl phosphate synthetase A activity was completely stable for 30 min, however, when the extract was added to the assay mixture (minus bicarbonate). The presence of substrates probably stabilizes the enzyme. The instability of carbamyl phosphate synthetase A in vitro was largely independent of the period of growth from which the cells were harvested. The pattern of decay of these two enzymes was not altered by omission of the highsalt wash of the cells, which is designed to minimize proteolysis in vitro, or by assaying uncentrifuged crude extracts.
Development of carbamyl phosphate synthetases A and P and ornithine transcarbamylase in a protease-deficient mutant. The possible involvement of proteases in the loss of the enzymes under study was examined by use of the B. subtilis mutant S87 (3), which is deficient in the major intracellular serine protease of this species and has a greatly reduced rate of bulk protein turnover during the stationary phase (3, 4) . This strain and its parent JH168 were grown and analyzed as in Fig. 1 and  2 . Table 1 summarizes the results. Aspartate transcarbamylase was inactivated normally in the mutant, as reported previously (4, 12) , and the inactivation of carbamyl phosphate synthetase A and P was somewhat slower than in the parent strain. In contrast, the rate of decay of ornithine transcarbamylase was markedly reduced in the mutant, which indicates that the inactivation of this enzyme is mechanistically different from the other inactivations and may involve the intracellular serine protease that is deficient in strain S87.
DISCUSSION
We have shown that carbamyl phosphate synthetase P and aspartate transcarbamylase appear in parallel during growth of B. subtilis cells on supplemented nutrient broth plus glucose and that both enzymes are inactivated when the cells enter the stationary phase. The inactivation of carbamyl phosphate synthetase P results from a physiologically significant process in vivo, according to criteria put forward in a recent review (10) . Although the experiments do not define the mechanism of inactivation of carbamyl phosphate synthetase P, they establish that it proceeds by a mechanism different from the inactivation of aspartate transcarbamylase. The two Carbamyl phosphate synthetase A and ornithine transcarbamylase also appear to be synthesized in parallel (see also reference 7) and to be inactivated in the late stationary phase. The inactivation of these two enzymes has not been fully characterized, but the data make it very likely that both processes occur in vivo and are not artifacts. The instability of carbamyl phosphate synthetase A in vitro has so far prevented a careful study of its inactivation. We have shown (unpublished data) that the loss of ornithine transcarbamylase activity does not result from excretion of the active enzyme into the culture medium. The greatly increased stability of ornithine transcarbamylase in strain S87 suggests a role for the major intracellular serine protease of B. subtilis in its inactivation. The possibility is not excluded, however, that the slow inactivation reflects a pleiotropic characteristic of strain S87 rather than a direct role of the protease.
The physiological function of the developmental pattern displayed by carbamyl phosphate synthetase A and ornithine transcarbamylase under these culture conditions is uncertain. Probably, both enzymes are fully repressed during exponential growth and the early stationary phase by arginine in supplemented nutrient broth (7) . Their appearance later in the stationary phase may reflect the fact that both enzymes become quite resistant to repression by arginine in the stationary phase (7; T. J. Paulus (6) . We speculate that carbamyl phosphate synthetase A and omithine transcarbamylase are required to provide arginine during sporulation under these growth conditions. Inactivation of the enzymes could then prevent excessive synthesis of arginine later in sporulation.
